Purpose: There are many barriers to pulmonary rehabilitation, including a limited access to evaluation centers. To cope with these difficulties, field tests are often used to prescribe endurance training. As field tests are related to muscle strength, they could also be used to prescribe strength training and increase the access to pulmonary rehabilitation in rural area. However, their validity for this purpose has never been studied.
Introduction
COPD is a worldwide cause of morbidity and mortality with a gradually increasing prevalence.
1,2 Pulmonary rehabilitation is widely recommended to cope with the systemic effects of COPD [3] [4] [5] and effectively improves exercise capacity and quality of life. 6 Unfortunately, ,1% of patients who would benefit from it can access these programs, mainly due to the lack of rehabilitation and assessment centers, and their location in urban area. Pulmonary rehabilitation usually includes both endurance and strength training. [3] [4] [5] Thus, although the optimal assessment for endurance training prescription should include cardiopulmonary exercise testing (CPET), 3 it is often not available for a large number of patients. Alternatively, the one-repetition maximum (1RMw, which is the weight that can be lifted, pushed, or pulled only once without compensation) is 
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Bonnevie et al frequently used in clinical practice for assessing and prescribing muscle strength. 4, [9] [10] [11] However, it requires trained personnel and a learning period before the measurement to increase reliability and reduce bias, and is therefore time consuming. Moreover, it is possibly traumatic in several pathologies with comorbidities such as COPD (eg, bone, ligament, and muscular stress or injury). 10 Therefore, it can be difficult to obtain due to pain or muscle fatigue even though sub-maximal strength training (about 70% of 1RM as usually prescribed) 4,12-15 will be possible, highlighting a need for an easier and faster tool to assess and prescribe strength training.
Field tests have been proposed to replace CPET for the prescription of endurance training. [16] [17] [18] [19] [20] [21] For example, the 6-minute stepper test (6MST), which is easier to perform than the widely used 6-minute walk test (6MWT) and does not need a 30 m long corridor, 22 has been validated to assess exercise capacity in patients with COPD [23] [24] [25] and has recently been considered for endurance training prescription. 17, 20, 21 Although field tests are often related to quadriceps muscular strength, [26] [27] [28] their use for strength training prescription has not been studied.
The aim of this study was to assess whether the 6MST could be used to prescribe strength training in patients with COPD accurately. The usability of the maximal workload attained during the CPET (Wpeak) and the 6MWT was also studied.
Materials and methods study design and patient selection
Patients with COPD referred for pulmonary rehabilitation between September 2015 and October 2018 to the ADIR Association (Association d'aide à domicile des patients insuffisants respiratoires), Rouen University Hospital, France, were retrospectively studied. The study was approved by the Comité d'Ethique de la Recherche non-interventionnelle from Rouen University Hospital (E2018-67). According to the French law, patients were informed in writing that their data could be used for future research purposes and formal consent to retrospectively review their medical records was not required. None of these patients used this right of refusal. Patient data confidentiality was maintained and the protocol was performed in compliance with the Declaration of Helsinki.
Inclusion criteria
Patients with a clinical diagnosis of COPD (FEV 1 /FVC ratio ,0.70) were included. The severity of airflow limitation was assessed according to the GOLD classification. 29 They had to be 18 years old; stable (free from acute exacerbation in the previous month); and have performed both the 6MST and the quadriceps 1RM assessment during the first session of their pulmonary rehabilitation. They also had to weigh 90 kg or less (maximum weight supported by the stepper).
exclusion criteria
Patients for whom the quadriceps 1RM exceeded 120 kg on one limb (leg press's limit) and those for whom the 1RM was not maximal due to musculoskeletal limitation were excluded.
Data extraction
Data regarding demographic features, comorbidities, pulmonary function, exercise capacity (6MST, Wpeak, and 6MWT), quadriceps 1RM, and use of long-term oxygen or home mechanical ventilation were extracted though a retrospective chart review.
assessment 1rM
Quadriceps 1RM was performed on a pulley press (Legpress; Design Corporel, Salomé, France). Patients were in a semi-sitting position, back against the backside with a 90° knee and hip flexion. 30 They were vigorously encouraged to extend both of their knees simultaneously. Patients had to put their hands on the side handles of the press or to keep them on their stomach. In the case of values exceeding 120 kg divided over the two lower limbs, the press reached its limit. Therefore, the search for the 1RM value proceeded as before: with a progressive rise in the weight if the lift was successful, however it was now realized on the one leg. Therefore, patients were told to put the foot of the exercising lower limb in the middle of the steel plate and the other lower limb (not exercising) on the sliding rail in order to avoid any compensation. The sum of both lower limbs was considered as quadriceps 1RM.
6MsT
Patients performed two 6MSTs (Athlitec; GoSport, Sassenage, France). The second test began when the heart rate (HR), and the transcutaneous oxygen saturation (SpO 2 ) values returned to baseline values after a rest period of at least 20 minutes. The performance of the second test was recorded for analysis. 20 Standardized instructions were based on the American Thoracic Society guidelines for the 6MST as previously described. 
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Bonnevie et al Following a 3 minutes warm-up period, incremental ramp exercise (5-20 W/min) was applied up to exhaustion. A pneumotachograph and a gas analyzer (Ergocard; Medisoft, Louvain, Belgium) were used to measure gases (oxygen consumption [VO 2 ] and carbon dioxide production [VCO 2 ] breath by breath) through a face mask (Hans Rudolph, Inc., Kansas City, MO, USA). The last ramp maintained before exhaustion or the workload achieved at VO 2 peak was considered as Wpeak.
6MWT
The 6MWT was performed according to the American Thoracic Society guidelines along a 30 m corridor. 22 The test was carried out twice and the longest distance was used in the analysis.
Outcome
The evaluation of the reliability of using the 6MST to prescribe the strength training involved four steps. First, the relation between the number of steps performed during the 6MST and the quadriceps 1RM was assessed in the first group of subjects (prediction group) with COPD. 31 Next, in the case of a significant relationship, a linear regression was performed to derive a predictive equation of the 1RM from the 6MST. Third, in a second and independent cross-validation group of subjects with COPD, the quadriceps 1RM was estimated from the predictive equation. The last step was to assess the error that would be associated with using estimated 1RM to prescribe strength training in a clinical situation (70% of the 1RM). 4, [12] [13] [14] [15] The same method was applied for both Wpeak and the 6MST.
statistical analysis
The normality of the distribution was assessed using the Kolmogorov-Smirnov test. Categorical data were expressed as counts (%) and continuous data were expressed as mean (SD) or median (25th-75th percentile) according to the distribution. Comparison between the baseline characteristics of both groups was assessed with Fisher's test (for proportion) and independent Student's t-test or Mann-Whitney test, depending on the distribution.
Determination of the predictive equation in the prediction group
The relationship between the 6MST, Wpeak, 6MWT, and 1RM was assessed using Pearson or Spearman correlation test. Single linear regressions were performed when appropriate. Since several data were not normally distributed, they were normalized using a log-transformation. A predictive equation using linear regression was then derived.
Validation of the predictive equation in crossvalidation group
The comparison of the prescribed workload (70% 1RM) between the measured 1RM and the estimated 1RM was assessed using the mean absolute difference (MAD) between both prescription and a Bland-Altman analysis. As the increment of the leg press is done by 5 kg, the prescriptions were a priori considered as clinically equivalent if the limits of agreements (upper and lower bounds) were ,5 kg. A P-value ,0.05 was deemed significant. Prism 5 software was used for analyses.
Results Patients
Among the 356 patients referred for pulmonary rehabilitation over the study period, 78 met the inclusion criteria. Two were excluded because the quadriceps 1RM exceeded 120 kg on one limb. A further seven were excluded from the analysis because the 1RM was limited due to musculoskeletal impairment ( Figure 1) . Finally, 69 patients were included for the analysis. The first 35 patients were selected to derive the predictive equations, 31 while the 34 subsequent patients were used to assess the validity of the equations to prescribe strength training (cross-validation group). The patients' characteristics of both groups are shown in Table 1 . Overall, the mean age was 60 (SD 10) years, 42% were women, and 30% were long-term oxygen users. They had a severe obstruction (median FEV 1 %: 38 [IQR 30-58]) and impaired As the 6MWT was not correlated with log1RM, no predictive equation was derived.
Validation of the predictive equations (cross-validation group)
The MAD between the prescriptions of strength training at a value of 70% of the 1RM using the actually measured and the predicted 1RM was 31 (SD 30) kg for the 6MST and 29 (SD 28) kg for Wpeak. The limits of agreement and corresponding Bland-Altman plots are presented for the 6MST in Figure 3A and for Wpeak in Figure 3B .
Discussion
The main finding of this study was that there was a significant relationship between exercise capacity assessment tests used to prescribe endurance training and the 1RM. However, this relationship was only moderate, and the use exercise capacity (mean VO 2 peak: 14 [SD 4] mL/kg/min). There were significantly more females in the cross-validation group (56% compared with 29%, P=0.03).
relationship with the 1rM (prediction group)
There was a significant relationship between the 6MST, Wpeak and log1RM (r=0.44, P,0.01 and r=0.41, P=0.01, respectively, Figure 2A and B). The 6MWT was only available for 13 patients and there was no significant relationship with log1RM.
Predictive equations (prediction group)
Log1RM could be predicted, respectively, for the 6MST and Wpeak by the following equations (Figure 2A of predictive equations to estimate the 1RM from these tests to prescribe strength training would result in an inacceptable error for clinical practice (about 30 kg). As can be seen in Figure 3A and B, the amount of error seems to increase with the increase of the 1RM.
The assessment of the 1RM is the gold standard for strength training prescription. 4, 9 However, it could be compromised in pathological condition and is time consuming.
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Although the measurement of the 1RM was found to be feasible in a small cohort of patients with COPD, 30 it might be limited by comorbidities. In the present study, about 10% of the patients were excluded due to pain (due to musculoskeletal comorbidities) during the measurement, which led to an underestimation of the 1RM even though strength training at 70% 1RM would have been possible. Therefore, indirect measurement of the 1RM to allow effective training seems necessary.
There are many barriers to pulmonary rehabilitation, including a limited access to evaluation centers and CPET. 7, 8 To cope with these difficulties, field tests are often used to prescribe endurance training. [16] [17] [18] [19] [20] [21] As several field tests are related to muscle strength, 26, 27 as well as the 6MST in the present study, the idea to use the same test to prescribe both endurance and strength training looks attractive at the first glance to increase the access to pulmonary rehabilitation in rural area. Surprisingly, there was no relationship between the 6MWT and the 1RM. Conversely, Rausch-Osthoff et al found a significant moderate correlation between the quadriceps strength and the distance covered during 6MWT. 27 This difference was likely due to the few numbers of 6MWT records available in subjects from the prediction group because the study was not designed for this outcome.
However, the present results suggest that the use of both the 6MST and CPET to prescribe strength training would result in a significant error, refuting their use for clinical practice. In healthy subjects, several authors suggested the use of anthropologic data such as age, gender, height, weight, lean body mass, and thigh girth. 10 Adding these characteristics in a multivariate analysis in a larger cohort of subjects with COPD may help to refine the present equations and improve their Figure 3 Bland-altman plots for the prescription of strength training using the predictive equations derived from the 6-minute stepper test (A) and Wpeak (B). The pointto-point difference between the two prescriptions (actually measured minus estimated) is plotted against the mean of the two prescriptions. 95% CI limits of agreement (lower and upper bounds) were -36 to 92 for the 6MsT and -31 to 85 for Wpeak. Abbreviations: 6MsT, 6-minute stepper test; Wpeak, the maximal workload achieved during the cardiopulmonary exercise testing.
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Bonnevie et al accuracy to prescribe strength training. Alternatively, the prediction of the 1RM from the perceived exertion (BORG scale) 11, 32 has been proposed for healthy subjects but remains to be evaluated in subjects with COPD.
There are several explanations for the inaccuracy that occurred when using the estimated 1RM to prescribe strength training.
First, the relationship between Wpeak, 6MST and the 1RM was only moderate (r=0.40). Since cycling, stepping, and strength training provide substantially different effort and metabolic load, [33] [34] [35] [36] several parameters such as ventilatory pattern, hematosis, cardiovascular adaptation, muscle mass involved, weight, and balance may explain this moderate correlation. Moreover, compared with endurance capacity, muscular strength is relatively well preserved in patients with COPD due to a shift toward an increased proportion of fast twitch muscular fiber (type II), which are specifically recruited during strength training and the 1RM assessment. 37 Conversely, Wpeak and the 6MST do not only reflect the type II fibers activity but also include the recruitment of the slow twitch fibers (type I), as suggested by the relationship between the 6MST and VO 2 peak. 25 This may also contribute to explain the systematic bias observed in the Bland and Altman analysis (Figure 3) showing that the error increases proportionally to the 1RM (eg, the least disabled patients had a preserved type II fibers and a high 1RM but likely an already present alteration of the type I fibers and therefore a relatively low performance on the 6MST). Additionally, the nature of the 1RM assessment and strength training allows the patients to rest between repetitions while the exercise is continuous during cycling or stepping, causing more dyspnea and fatigue in the latter. 36 This likely allowed a more important recruitment of muscular fibers during the assessment of the 1RM.
Secondly, there were significantly more females in the cross-validation group. This might have introduced some bias due to gender, since it has an impact on perceived dyspnea 38 and muscular type fibers. 39 However, the latter is reported inconsistently, 40 and there are no gender differences in cardiopulmonary responses during the 1RM testing. 30 Therefore, it is unlikely that these factors alone account for the amount of error observed between both prescriptions.
limits and strength
First, a bias cannot be excluded due to the retrospective design of the study. However, this reflected daily clinical practice providing external validity of the results. Moreover, statistical tests were limited to those reported in order to avoid any type one error due to multiple comparison frequently encountered in retrospective studies. Secondly, the population was relatively selected (eg, no major balance impairment and weight under 90 kg for the 6MST). This cannot be neglected considering that a considerable number of patients with COPD are overweight 41, 42 and present balance disorders. 43 The most important strength of this study was the evaluation of the predictive equation in an independent crossvalidation group which has invalidated the use of both tests for the prescription of strength training.
Conclusion
Wpeak and the 6MST are both related to the quadriceps strength (1RM). Although the CPET and the 6MST could be used to prescribe endurance training in patients with COPD, their use for the prescription of strength training would result in a clinically nonacceptable error. Therefore, they should not be used for this purpose and both the 1RM and the voluntary maximal contraction remain the recommended methods to assess muscle strength in clinical practice. Further prospective studies are needed to confirm these results and explore the potential usefulness of the 6MWT for this purpose.
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